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We study the phase diagram and quantum critical region of one of the fundamental models for
electronic correlations: the periodic Anderson model. Employing the recently developed dynamical
vertex approximation, we find a phase transition between a zero-temperature antiferromagnetic
insulator and a Kondo insulator. In the quantum critical region we determine a critical exponent
γ = 2 for the antiferromagnetic susceptibility. At higher temperatures we have free spins with γ = 1
instead; whereas at lower temperatures there is an even stronger increase and suppression of the
susceptibility below and above the quantum critical point, respectively.
PACS numbers: 71.27.+a, 71.10.Fd, 73.43.Nq
Introduction. Quantum phase transitions are exceedingly
exciting since, besides the spatial correlations of a classi-
cal phase transition, also (quantum) correlations in time
become relevant at zero temperature T . This changes
the universality class, i.e., the critical exponents, and can
be best understood when considering imaginary time τ
which is restricted to τ ∈ [0, 1/T ]. Hence at any finite
T , temporal (quantum) correlations are cut off at 1/T so
that only the spatial correlations remain relevant [1].
Most well studied are, on the experimental side, quan-
tum critical points (QCP’s) in heavy fermion systems
[2, 3] such as CeCu6-xAux [4] and YbRh2Si2 [5, 6]. Ex-
perimentally accessible is the unusual behavior within
the quantum critical region at a finite T above the QCP;
for a schematics see Fig. 1. The theoretical description of
such heavy fermion QCP’s is, however, still in its infancy.
The conventional Hertz[7]-Moriya[8]-Millis[9] (HMM)
theory relies on the consideration of the effective φ4
model for magnetic degrees of freedom and may hence
not be applicable for heavy fermion systems with their
strong electronic correlations. HMM theory is by con-
struction a (renormalized) weak-coupling approach which
is also valid above the upper critical dimension, i.e., for
deff = d+z > 4. Here, the spatial dimensions d need to be
supplemented by a dynamical exponent z, which relates
the critical behavior of the correlation length in space
(ξ ∼ T−ν ; ν: critical exponent) and time (ξτ ∼ T−zν) at
the QCP. Other proposals for a solution of the antiferro-
magnetic (metallic) criticality problem include the frac-
tionalized electron picture [10], the critical quasiparticle
theory [11], and the strong coupling theory [12], see also
[13–17] for quantum criticality studies employing other
methods.
Quantum criticality below the upper critical dimension
for deff = 3 (d = 2, z = 1) was considered by Chubukov
et al. [18] for the Heisenberg model within a 1/N expan-
sion and by renormalization-group approaches for Ising
symmetry [19, 20]. But again, these approaches cannot
FIG. 1. (Color online) Schematic phase diagram of the sym-
metric PAM with a T = 0 quantum phase transition towards
an antiferromagnetic insulator in d = 2. Emanating from
the QCP, is a quantum critical region with particular critical
exponents. The parameters and values indicate actual DΓA
results presented below.
be straightforwardly extended to include fermionic exci-
tations, which are actually essential regarding the exper-
imental realization of QCP’s in heavy-fermion systems.
Despite many promising approaches [1, 2, 21–24], we
hitherto still lack a reliable solution even for the simplest
model for heavy fermion QCP’s, the periodic Anderson
model (PAM) beyond a mere (conjectured) mapping onto
bosonic models.
In this paper, we hence analyze the QCP of the PAM
by means of a recently developed method, the dynami-
cal vertex approximation (DΓA) [25, 26]. The DΓA is,
similar as related approaches [27–31], a diagrammatic
extension of the dynamical mean field theory (DMFT)
[32–34]; for a recent review see [35]. From the DMFT
it inherits a reliable and non-perturbative description of
(local) temporal correlations. But on top of these, also
non-local spatial correlations are taken into account by
means of ladder or parquet diagrams, which do not take
the bare interaction but the local irreducible or fully irre-
ducible vertex as a building block. These diagrammatic
extensions have been successfully employed for study-
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2ing critical exponents and phenomena in the Hubbard
and Falicov-Kimball model [36–40]. We are hence in the
fortunate situation that we can revisit quantum critical-
ity in fermionic models thanks to recent methodological
progress.
Model and analytical considerations. To arrive at a non-
mean-field, non-Gaussian critical behavior we study the
PAM in d = 2 which can be expected to have the same
quantum critical exponents as the Heisenberg model,
which in turn has a conjectured z = 1 [18, 41]. This
suggests an effective dimension deff = 2+1 = 3 [42]. The
Hamiltonian of the PAM reads
H =
∑
k,σ
εkd
†
kσdkσ + εf
∑
iσ
f†iσfiσ
+U
∑
i
nf,i↑nf,i↓ + V
∑
i,σ
[
d†iσfiσ + f
†
iσdiσ
]
(1)
It consists of localized f -electrons with creation (anni-
hilation) operators f†iσ (fiσ), nf,iσ = f
†
iσfiσ, interact-
ing through a local Coulomb repulsion U and with a lo-
cal one-particle potential εf . Further, there are itiner-
ant d†iσ (diσ) electrons with a nearest neighbor hopping
t, or a corresponding energy-momentum dispersion rela-
tion εk = −2t [cos(kx) + cos(ky)]. Finally, there is a hy-
bridization V between both kinds of electrons. In the pre-
sented calculations, we fix U=4t (intermediate-to-strong
coupling). We consider the half-filled case εf = −U/2,
for which the PAM maps onto the Kondo lattice model
with a coupling J = 8V 2/U in the limit U  V . That
is, for large U , the f -electrons form localized spins. This
Kondo lattice model shows the famous Doniach [43] T -V
phase diagram, with two competing phases.
On the one hand there is the Kondo effect [44]: below
the Kondo temperature TK , the spins, that are free at
high T with a Curie susceptibility χ ∼ T−1, get screened.
In this case a Kondo resonance forms at the Fermi level.
In our particle-hole symmetric case of half-filling, this
Kondo resonance is however gapped. This can be under-
stood starting from the non-interacting model (U = 0):
the flat f -band at the Fermi energy EF hybridizes with
the dispersive conduction d-band so that a hybridization
gap opens at EF . That is, we have a band insulator and
for a finite U a quasiparticle-(Kondo-)renormalized pic-
ture thereof, i.e. a Kondo insulator. For the (single-site)
Kondo model
TK ∼ e−
1
ρ0J , (2)
where ρ0 is the non-interacting density of states of the
conduction electrons at the Fermi level [44, 45]. For the
PAM we get a similar, somewhat enhanced TK [45, 46].
Competing with the Kondo effect is a magnetic phase,
which can be understood as the effective Ruderman-
Kittel-Kasuya-Yosida (RKKY) coupling between f -
electron spins through the conduction electrons. In sec-
ond order perturbation theory in J , the coupling strength
 0
 0.005
 0.01
 0.015
 0.02
 0.025
 0.03
 0.035
 0.04
 0  0.2  0.4  0.6  0.8  1  1.2  1.4  1.6
T
 [
4
t]
V [t]
TK
DMFT
TN
DMFT
TRKKY
AF
QCP
FIG. 2. (Color online) Phase diagram T vs. V of the half-
filled 2d PAM at U = 4t. The figure shows the AF transition
TN line in DMFT (green) and DΓA (red), the DMFT Kondo-
temperature TDMFTK (blue), and TRKKY [yellow, calculated
from Eq. (3), cf. Ref. 7 of the Supplemental Material [45]].
and hence the critical temperature is
TRKKY =
1
4
J2χω=00,Q , (3)
where χ0 is the (non-interacting; V = 0) susceptibility of
the conduction electrons and the factor 1/4 = S(S+1)/3
for spin S = 1/2 corresponds to the mean-field critical
temperature. In our case, the maximal coupling appears
at the antiferromagnetic (AF) wave vector Q = (pi, pi).
An AF ordering opens a gap, so that we obtain an AF in-
sulator. Since TK is exponentially small for small J [43],
TRKKY prevails for small J , whereas at large J the Kondo
effect wins. Hence, there is a phase transition from an
AF to a Kondo insulator at TK ≈ TRKKY. Hence, the
ground state is always insulating. At high temperatures,
the f -electrons are also gapped and form free spins, but
the conducting electrons are itinerant; at T >∼ TK the
Kondo peak starts to develop but the Kondo insulating
gap that is present at lower T ’s is still smeared out due
to strong scattering.
Phase diagram. Fig. 2 presents the actual phase diagram
of the PAM as calculated using DMFT and DΓA. Here,
we employ the ladder DΓA with Moriya-λ correction [47]
which generates spin-fluctuations starting from the lo-
cal vertex Γ calculated for a converged DMFT solution,
for further details on the method we refer the reader to
[35, 48–51]. For the DMFT phase diagram of the Kondo
lattice model (and including short-ranged correlations),
cf. [52–54].
Let us start with the DMFT results, which show AF
order at small V in the light-green shaded region of Fig. 2.
This order breaks down as the Kondo effect sets in and
a QCP emerges: there is a T = 0 phase transition. As
we see, the perturbative result, TRKKY ∼ J2 ∼ V 4 (yel-
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FIG. 3. (Color online) Magnetic susceptibilities (on a double logarithmic scale) in DMFT (upper panel, dark green open
circles) and DΓA (lower panel, red squares). The black solid and blue dotted lines indicate a χ ∼T−1 and χ ∼T−2 behavior,
respectively; the green dashed line is the DMFT susceptibility χ ∼(T − TDMFT)−1 (black line from the upper panel).
low line), only holds for small V ; for larger V ’s DMFT
yields a smaller AF transition temperature due to tem-
poral correlations (green line). As we see the AF order
breaks down when the DMFT Kondo temperature (blue
line, determined from the maximum of the local suscep-
tibility as a function of T ) becomes of similar amplitude
as the DMFT Ne´el temperature (green line).
The DΓA phase diagram in Fig. 2 is distinctively dif-
ferent. Concomitant with the Mermin-Wagner theorem
[55], AF order is only found at T = 0 because of strong
non-local fluctuations in d = 2, cf. [26] for DΓA fulfilling
the Mermin-Wagner theorem for the 2d Hubbard model.
Nonetheless, we have AF order along the red line in Fig. 2
and Fig. 1, and hence, at T = 0, a QCP develops at
VQCP ≈ 0.91t.
Quantum critical region. Above this QCP region we
expect a quantum critical region as visualized in Fig. 1,
with non-Gaussian fluctuations. Hence, we study the AF
susceptibility χ = χω=0Q at momentum Q = (pi, pi) and its
critical behavior around the critical VQCP in Fig. 3. In
DMFT, χ ∼ (T − TN )−γ ∼ (T − TN )−1 see Fig. 3 (up-
per panels) so that we have a critical exponent γ = 1.
This reflects the (bosonic) mean-field critical behavior
of DMFT which neglects spatial fluctuations. At high
temperatures, it smoothly evolves into the Curie suscep-
tibility χ ∼ T−1 of free spins.
In DΓA, Fig. 3 (lower panels), we observe a completely
different behavior. While at high T , we have the same
γ = 1 Curie behavior, there is a crossover to χ ∼ T−2,
i.e., a quantum critical exponent γ = 2 at lower T ’s.
This critical exponent and the related correlation length
ξ ∼ T−ν ∼ T−1 agrees with the conjectured mapping
onto a non-linear σ model [18, 56], which also displays
antiferromagnetic ordering within an insulating phase (as
we have) with a dynamical critical exponent z = 1 and
yields the same ξ ∼ 1/T in the quantum critical regime.
This yields the critical exponent ν = 1 for the correlation
length, which happens to be the same critical exponent
that one gets if setting the correlation length in time to
its cut-off ξτ ∼ 1/T and accepting that z = 1. With the
Fisher relation γ/ν = 2 − η [57], γ ≈ 2 for the suscep-
tibility as observed in Fig. 3 (note that, typically, η is
vanishingly small even in d = 2). In the Supplemental
Material [45] Section S.III we present an explanation for
this critical exponent on the basis of a sum rule.
With increasing dimensionality, we expect the critical
exponents at d ≥ 3 approach their values in HMM theory
[45]. Computing quantum critical exponents of strongly
correlated electron models such as the PAM was, how-
ever, not possible hitherto; quantum Monte Carlo simu-
lations and cluster extensions of DMFT are restricted to
too short-ranged correlations.
At the lowest T , deviations from this quantum critical
behavior are discernible in Fig. 3 (lower panels) and are
to be expected as we leave the cone-shaped quantum crit-
ical region in Fig. 1. For V < VQCP, eventually antifer-
romagnetic order sets in at T = 0. Already at finite T ’s,
an exponential increase of the correlation length and the
susceptibility with 1/T is to be expected [56]. A similar
exponential scaling was observed for the Hubbard model
[58]. Consistently with this description, one observes a
deviation to even larger susceptibilities at V  VQCP and
lowest T ’s in Fig. 3. For low T and V > VQCP, on the
other hand, eventually a Kondo insulating phase develops
(quantum disordered phase in Fig. 1). For this (renor-
malized) band insulator, one has χ → 0 for T → 0. In
agreement with this, Fig. 3 shows a deviation to smaller
susceptibilities at lower T ’s; a full suppression of the sus-
ceptibility because of the Kondo gap will only occur at
larger V in the accessible T -range.
An intriguing, non-universal aspect is the strong en-
hancement of the susceptibility in the crossover regime
between the χ ∼ 1/T and χ ∼ 1/T 2 behavior, in par-
ticular at V = 0.9 and V = 0.91 in Fig. 3. This
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FIG. 4. (Color online) Ferromagnetic susceptibility in DMFT (dark green open circles) and DΓA (red squares) for the same
parameters as in Fig. 3.
originates from enhanced antiferromagnetic correlations,
which for the periodic Anderson model set in somewhat
above TDMFT (see green line in Fig. 3) and then crossover
to the quantum critical χ ∼ 1/T 2 region, however with
a much larger quantum critical susceptibility (prefactor
thereof) than for a Heisenberg model with the exchange
interaction providing the same mean-field transition tem-
perature. For a more detailed discussion see the Supple-
mental Material Section S.4 [45].
Altogether our results yield the quantum critical region
schematically presented in Fig. 1, where we have also
inserted the actual V values employed in our calculation,
along with the observed exponents of the T -dependence
of the susceptibility.
Uniform susceptibility. Let us now turn to the (uni-
form) susceptibility, i.e., χω=0Q at momentum Q = (0, 0),
which has the advantage that it can be measured more
directly in experiment. Its T -dependence around VQCP
is displayed in Fig. 4. At large T it shows, similar as
the antiferromagnetic χ, the 1/T Curie behavior of free
spins. However as the spins get screened through the
Kondo effect, the ferromagnetic susceptibility shows a
maximum around the TK of Fig. 4, whereas the antiferro-
magnetic susceptibility in Fig. 3 further grows, signaling
the instability toward AF. Below this maximum, the fer-
romagnetic susceptibility χω=0Q=(0,0) shows essentially in a
T -linear behavior in the quantum critical region. Such a
behavior has also been reported for a non-linear σ model
and 1/N calculations [18].
Conclusion. Thanks to an advanced many-body
method, the DΓA, we are finally able to study the phase
diagram and even the quantum critical behavior of the
PAM, the prime model for heavy fermions, in d = 2.
We find antiferromagnetic order for small hybridizations
V < VQCP at T = 0, consistent with the Mermin-Wagner
theorem in DΓA. In DMFT, antiferromagnetism breaks
down when the Kondo temperature TK exceeds the Ne´el
temperature TN , as in the Doniach scenario, giving rise
to a QCP. While TN = 0 in DΓA, we still get a compara-
ble VQCP, which is 25% smaller in DΓA than in DMFT
as the latter neglects non-local spin fluctuations.
We identify a quantum critical region with critical ex-
ponents ν = 1 for the correlation length and γ = 2 for the
antiferromagnetic susceptibility, as displayed in Fig. 1;
whereas the uniform susceptibility shows a non-critical
linear-T dependence. Above the quantum critical region
we observe free spins with γ = 1 at high T ; while at
small T the AF susceptibility is exponentially enhanced
in the thermally disordered region V < VQCP and sup-
pressed in the quantum disordered, Kondo insulating re-
gion V > VQCP.
Our work opens a route for studying quantum criti-
cality in various models, which was hitherto only pos-
sible for spin models but not for correlated electrons.
This removes a blank spot on the map of quantum crit-
ical theories, which bears many sophisticated quantum
field theoretical considerations, analytical arguments and
derivations, but few means to test these numerically in a
reliable way.
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In this Supplemental material, we first discuss how we extract the DMFT Kondo temperature in
Section S.1 before we analyze the effects of finite momentum (and frequency) boxes in Section S.2.
In Section S.3 we present an analytical derivation of the critical exponents for the correlation length
at and around the QCP, based on the sum rule Eq. (S.3). Finally, in Section S.4 we compare to the
susceptibility of the Heisenberg model and explain the dramatic increase of the susceptibility in the
crossover regime.
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FIG. S.1. Temperature dependence of the spin susceptibility of the self-consistently determined AIM in DMFT for U=4t and
several values of the hybridization V .
S.1. DETERMINATION OF THE KONDO-TEMPERATURE IN DMFT
In order to get a reliable estimate of the temperature, where Kondo screening sets in in DMFT, the spin suscep-
tibility χDMFTAIM (ω = 0) has been calculated from the self-consistently determined Anderson impurity model (AIM)
by evaluating the Lehmann representation for the (two-particle) spin susceptibilty. Fig. S.1 shows the temperature
dependence of χDMFTAIM (ω = 0) at U=4t and several values of the hybridization V . The Kondo-temperature TK is now
determined (where possible, i.e. for V > 0.75t) as the maximum of χDMFTAIM (ω = 0). To increase the accuracy of the
fit, a polynomial of order 2 is used for interpolating the data around the visible maximum and TK is determined from
this polynomial.
In order to obtain the smooth curve of the phase diagram Fig. 2 (main text), these TK ’s are further fitted to the
following function of hybridization V, see Eq. (6.109) in [1]:
TK = AV exp
(
− U
8ρ0V 2
+
pi2ρ0piV
2
2U
)
, (S.1)
with A being the fitted prefactor, U the Coulomb interaction strength, V the hybridization and the non-interacting
density of states at the Fermi level is estimated as ρ0≈ 1W = 18t . For the numerical estimation of TK in the single-site
we refer to [2 and 3], see also [4] for the (doped) periodic Anderson model.
S.2. MOMENTUM GRID DEPENDENCE
In the main text, we used 120 momentum grid points for q in each direction for the interval [0, pi]. Let us here check
the convergence against the number of momentum points. In the present calculations, finite grid effects mainly stem
from the summation
∑
q χ
DΓA
m (q) to determine the (Moriya) λ correction. Here, and in the following χm = χ↑↑−χ↑↓
denotes the even spin combination of the susceptibilities as employed commonly in diagrammtic extensions of DMFT,
see Ref. 5 where χσσ′ is defined in terms of creation and annihilation operators. The physical susceptibility (in units
of the squared Bohr magneton, µ2B ; q index suppressed) χ = χ↑↑ + χ↓↓ − χ↓↑ − χ↑↓ shown in the main paper is a
factor of two larger. Note the SU(2) symmetry in the paramagnetic phase, and that the Lande´ factor g = 2 cancels
with a factor of 1/2 for the spin.
We fit χDΓAm (q) of the form χ
fit
m (q) = 1/(c1(q −Q)2 + c2) with Q = (pi, pi), determining (c1, c2) from two points
around Q, i.e, χDΓAm (pi, pi) and χ
DΓA
m (pi, (nq − 2)pi/(nq − 1)). We then use an extremely fine q-grids (we analytically
integrate for one direction and use 106 grid points for the other direction) for the momentum-summation of χfitm , i.e.,
we calculate the q-sum as follows∑
q
χDΓAm (q)→
∑
q−grid
[χDΓAm (q)− χfitm (q)] +
∑
fine−grids
χfitm (q). (S.2)
Since (χDΓA − χfit) can be expected to become much smoother in q-space than χDΓA itself, a coarser q-grid should
be sufficient for the q-summation. The results in Fig. S.2 show the dependence of χm on the number of q points of
the “q− grid” in Eq. (S.2) with and without using χfitm . While the convergence appears to be much faster when we
use χfitm , taking nq = 120 without using χ
fit (as in the main text) looks perfectly fine for T = 0.005 [Fig. S.2(a)]. For
T = 0.0025 [Fig. S.2(b)], there is a minute deviation between nq = 120 without using χ
fit
m and converged results, but
the temperature dependence plots in Fig. S.3(a) and (b) indicate this deviation does not matter for the analysis of
the log-log plot in the main text. The same holds for the effect of a finite frequency box, analyzed in Fig. S.3 (b).
3(a) (b)
FIG. S.2. Dependence of the maximum magnetic susceptibility χm(ω = 0,q = (pi, pi)) on 1/nq (momentum grid points in each
of the two directions) for (a) T = 0.005 and (b) T = 0.0025 (unit: 4t) with U = 4t and V = 0.9t. Vertical green lines indicate
nq = 120 which is used in the main text. Here, we do not use a frequency extrapolation but use for (a) 120 or for (b) 140
positive frequencies for the vertex.
(a) (b)
FIG. S.3. Dependence of the maximum magnetic susceptibility χm(ω = 0,q = (pi, pi)) on T for U = 4t and V = 0.9t (a) without
frequency extrapolation and (b) with taking into account the effect of a finite frequency box. That is for (b), instead of using
frequency extrapolation as in the main text, we consider bare U contribution to the vertex for 1024 positive frequency points
as in Ref. [6]. Please note that we obtained almost the same results as the frequency extrapolated ones in the main text (blue
line).
We can hence conclude, that the momentum and frequency grid does not affect the scaling of the susceptibilities and,
therefore, not the conclusions drawn from it.
S.3. MAGNETIC PROPERTIES AND QUANTUM CRITICAL EXPONENTS IN VARIOUS
DIMENSIONS d
In this Section we discuss the evolution of magnetic properties and quantum critical exponent for the correlation
length ξ ∝ T−ν with dimensionality d in z = 1 theories. Our consideration is based on the sum rule of the form
T
∑
iωn
∫
q<Λ
ddq
(2pi)d
A
A2(q2 + ξ−2) + ω2n
=
1
g
, (S.3)
where ωn are the bosonic Matsubara frequencies, A, g are some constants (or weakly temperature dependent quan-
tities). More specifically, A represents the spin-wave (or paramagnon) velocity, while g is the analogue of the di-
mensionless coupling constant of the non-linear sigma model. Apart from the non-linear sigma model, describing the
4Heisenberg model, condition (S.3) is expected to be fulfilled by the Kondo lattice models, where it represents the sum
rule for f -electron susceptibility. Performing the summation over Matsubara frequencies and angular integration we
obtain
Kd
2
Λ∫
0
qd−1dq
1√
q2 + ξ−2
coth
A
√
q2 + ξ−2
2T
=
1
g
, (S.4)
whereKd = 1/(2
d−1pid/2Γ(d/2)). To treat the Λ-dependence of the integral at large Λ we subtract the large momentum
asymptotic of the integrand making the integral convergent and add the result of its analytical integration. This yields
∞∫
0
qd−1dq
1√
q2 + ξ−2
[
coth
A
√
q2 + ξ−2
2T
− 1
]
+
Λdξ
d
2F1(
1
2
,
d
2
, 1 +
d
2
,−(Λξ)2) = 2
gKd
, (S.5)
where 2F1(a, b, c, z) is the hypergeometric function. Expanding this function at large negative z we obtain(
Tξ
A
)d−1
fd
(
Tξ
A
)
+
1
d− 3
[
2Γ(d/2)Γ(5/2− d/2)√
pi(d− 1) −
1
2
(Λξ)d−3
]
+O((ξΛ)d−5) =
2ξd−1
Kd
(
1
g
− 1
gc
)
, (S.6)
where
fd(x) =
∞∫
0
qd−1dq
1√
q2 + x−2
[
coth(
√
q2 + x−2/2)− 1
]
(S.7)
and gc = 2(d−1)/(KdΛd−1). Note that fd(∞) = 2Γ(d−1)Lid−1(1) in d > 2, where Lip(x) is the polylogarithm function,
Lip(x) =
∑∞
k=1 z
k/kp for integer p, and f2(x) ' 2 lnx for x→∞. If we let ξ →∞ we obtain TN ∝
(
1
g − 1gc
)1/(d−1)
at d > 2, while at d = 2 we have TN = 0, ξ ∝ (1/T ) exp[2piA(1/g − 1/gc)/T ] in agreement with the results of Ref.7.
To obtain the temperature dependence of the correlation length let us consider the following cases:
A. d < 3. In this case the correlation length solves the equation(
Tξ
A
)d−1
fd
(
Tξ
A
)
=
2ξd−1
Kd
(
1
g
− 1
gc
)
− Γ(d/2)Γ(1/2− d/2)
2
√
pi
, (S.8)
(we have transformed Γ-functions and neglected Λ-dependent term, which is irrelevant for d < 3). At the quantum
critical point (g = gc) we find ξ ∝ 1/T , as was obtained previously for d = 2 in Ref.7.
B. d = 3. In this case the correlation length solves the equation(
Tξ
A
)2
f3
(
Tξ
A
)
− 1
2
ln(Λξ) =
2ξ2
Kd
(
1
g
− 1
gc
)
. (S.9)
At the quantum critical point we find ξ ' (3/2)1/2(A/(piT )) ln1/2(AΛ/T ), while above the ordered phase (i.e. at
g < gc) outside the classical critical region we obtain ξ ∝ ln1/2(AΛ/T )/(T 2 − T 2N )1/2.
C. d > 3. We have (
T
A
)d−1
fd
(
Tξ
A
)
− 1
2(d− 3)(Λ
d−3ξ−2) =
2
Kd
(
1
g
− 1
gc
)
(S.10)
At the quantum critical point we find ξ ∝ T (1−d)/2, while at g < gc outside the critical region we obtain ξ ∝
1/(T d−1 − T d−1N )1/2.
The obtained results for the temperature dependence of the correlation length at d ≥ 3 agree with the Hertz-Millis-
Moriya theory.
S.4. COMPARISON TO THE HEISENBERG MODEL RESULTS
The O(3) Heisenberg model result for the static staggered susceptibility in the quantum critical regime reads7
χω=0Q =
g2
ρs(1 + 0.483/N)
(
Sc
ΘT
)2
≈ 4
1.075ρs
(
Sc
T
)2
(S.11)
5where Θ = 2 ln((51/2 +1)/2), N = 3 is the number of the order parameter components, g = 2 the Lande´ factor, ρs the
spin stiffness, and c the spin-wave velocity. Here, we have neglected small corrections due to anomalous exponent η,
which are minute. Within the spin-wave theory, we obtain the spin stiffness and spin-wave velocity (see, e.g., Refs. 8
and 9 and references therein)
ρs = JHSS0γ, c = 2
√
2JHSγ (S.12)
where S0 ≈ 0.3034 is the ground-state magnetization and γ ≈ 1.1571 is the spin-wave velocity renormalization
parameter for S = 1/2, and JH is the Heisenberg model exchange parameter. Substituting the results of Eq. (S.12)
into the Eq. (S.11) we find for S = 1/2
χω=0Q ≈ 14
JH
T 2
(S.13)
We note that the result of Eq. (S.13) is applicable at T  JH .
For small hybridization V , the exchange parameter of the Heisenberg model will be given by RKKY, i.e.,10 JH =
TRKKY. This curve is shown as the yellow short-dashed line in Fig. S.4. For the green short-dashed line we instead
employ the DMFT transition temperature, i.e., JH = T
DMFT
N .
Let us now compare this quantum critical behavior (S.13) to that obtained in DΓA for the periodic Anderson model
(red dots in Fig. S.4). One can see that despite using a not too large U = 4t and not too small V = 0.91t in the
periodic Anderson model, the obtained susceptibility in the quantum critical region (blue line in Fig. S.4) qualitatively
agrees with the result of the Heisenberg model (S.13). But the susceptibility for the periodic Anderson model is even
slightly larger (has a larger fitted prefactor J∗) than for the effective Heisenberg model with JH = TRKKY. That is,
we find for the blue dashed line in Fig. S.4
χω=0Q =
J∗
T 2
≈ 20JH
T 2
; where JH = TRKKY , (S.14)
i.e., J∗ > 14TRKKY [Eq. (S.13) with JH = TRKKY]. At the same time, the crossover temperature T ∗ = TDMFT is
considerably smaller than in the Heisenberg model with T ∗ = JH = TRKKY. That is, we have a much larger ratio
J∗/T ∗, and consequently a more dramatic increase of the susceptibility in the crossover regime.
This can be visualized by means of Fig. S.4: For the periodic Anderson model the susceptibility is first enhanced
compared to the free spin behavior (black in Fig. S.4) in a mean field way ∼ 1/(T − TDMFT) at T & TDMFT (green
long-dashed line in Fig. S.4), before turning to the quantum critical behavior (blue dashed line). For the Heisenberg
model with JH = TRKKY, we would have instead a crossover from the black line of free spins in Fig. S.4 at high
temperatures, to the yellow short-dashed RKKY mean-field χ ∼ 1/(T − TRKKY) at the beginning of the crossover
regime to the yellow long-dashed in the quantum critical regime.
The reason for this difference between the Heisenberg model with JH = TRKKY and the periodic Anderson model is
twofold: (i) There are terms beyond second order in J (J : Kondo coupling) which not only modify JH but also lead
to additional multiple spin interactions beyond the Heisenberg model. (ii) We are in a region with Kondo screening.
Hence corrections to a mere spin model are to be expected.
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FIG. S.4. (Color online) Antiferromagnetic susceptibility vs. temperature of the periodic Anderson model at V = 0.91 in DΓA
(red squares and line) compared to a free spin 1/T (black line) and quantum critical J∗/T 2 behavior (dashed blue line). The
deviation from the 1/T behavior sets in when also the DMFT susceptibility [green long-dashed line; χ ∼ 1/(T −TDMFT)] starts
to deviate from 1/T , but eventually non-local fluctuations lead to a lower susceptibility and the dashed blue quantum critical
behavior. The RKKY mean field behavior [χ ∼ 1/(T − TRKKY); yellow long-dashed line] would instead suggest a deviation
from the free spin 1/T behavior at higher temperatures. The obtained quantum critical behavior is compared to the quantum
critical behavior Eq. (S.13) expected for the Heisenberg model, with JH = TRKKY (yellow short-dashed line) and JH = T
DMFT
N
(green short-dashed line).
